Highly efficient extraction of photoluminescence is observed from two-dimensional photonic crystal slabs employing InGaAs quantum dots as active material. The introduction of quantum dots reduces diffusion of carriers and thereby suppresses the surface recombination at the air-hole sidewalls of the photonic crystal. Around the normalized frequency of 0.7, over thirty-fold enhancement of the photoluminescence extraction is achieved at 78 K, indicating strong coupling to leaky modes of the free-standing photonic crystal slab. In addition, when the photoluminescence spectra overlaps with a photonic band gap, enhanced light extraction originating from the photonic band gap is observed experimentally.
Recently, two-dimensional photonic crystals combined with optically thin slab waveguides have attracted much attention.
1-8 Some interesting properties such as enhanced light extraction 1 and spontaneous emission modification 2 are expected in photonic crystal slab structures, and optically pumped lasers 3,4 and light-emitting diodes [5] [6] [7] [8] have been demonstrated.
For photonic crystal light emitters, it is generally advantageous to have an active medium with low surface-related losses because of the relatively large surface-to-volume ratio of photonic crystal structures. In fact, the bulk of experimental work has made use of InGaAsP-based quantum wells that have low surface recombination velocity. Along this line of thinking, the quantum dot ͑QD͒ material is also promising since the surface recombination loss is expected to be small due to reduced carrier diffusion in the QD planes. 9, 10 In addition, III-V QD semiconductors have several favorable properties such as low-threshold current density, high differential gain, and good temperature stability. 11, 12 And, since the QD material can be grown on GaAs substrates, GaAs-based technologies such as GaAs/AlAs Bragg mirrors and oxide apertures can be incorporated in the fabrication process.
So far, QDs have been employed as photonic crystal active materials only in a few works. 13, 14 In this letter, we report large enhancement of light extraction efficiency from QD photonic crystal slab structures achieved by minimizing surface recombination losses of QDs. It has been proposed that the extraction efficiency of light-emitting diodes can be significantly improved using a perfectly periodic photonic crystal geometry. 1, 15 There are two principal reasons for this. First, the emitted light from the active material couples to leaky modes above the upper cutoff frequency for the guided Bloch modes. The other reason is related to photonic band gap effects: Light generated in the in-plane band gap region can couple only to the radiation modes.
The photonic crystal structure was grown on ͑100͒ GaAs substrates by metalorganic chemical vapor deposition. Details of the QD growth process can be found in Ref. 16 . The active medium of the present structures consists of three layers of In 0.6 Ga 0. 4 As QDs separated by 35-nm GaAs. The QD active layers are embedded in a 200-nm-thick GaAs core. The QD density in each layer is about 5ϫ10 10 cm Ϫ2 . Below the GaAs layer is a 500-nm-thick Al 0.98 Ga 0.02 As bottom cladding layer which is to be removed at the final fabrication step to leave a free-standing photonic crystal slab structure. Triangular lattices of air-hole photonic crystal patterns were formed by using electron-beam lithography and chemically assisted ion-beam etching with Ar/Cl 2 . The depth of air holes is about 500 nm.
To investigate the surface recombination processes in the QD active layers, we measured photoluminescence ͑PL͒ from the photonic crystals with air holes drilled through the QD layers. The schematic side-view diagram of this photonic crystal structure is shown in the inset of Fig. 1 . ͑Note that the bottom Al 0.98 Ga 0.02 As layer is not removed.͒ These structures were optically pumped by a 780-nm laser diode with 100-ns a͒ Electronic mail: hyryu@mail.kaist.ac.kr FIG. 1. Relative PL ͑the ratio of integrated PL of a patterned sample to that of an as-grown sample͒ is plotted as a function of incident pump power for two temperatures, Tϭ78 K and Tϭ295 K. The lattice constant of a photonic crystal sample is 800 nm. The solid line on room-temperature data represents a fitting curve. The schematic side view of the measured photonic crystal structure is shown in the inset.
APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 22 26 NOVEMBER 2001 pulses and 10% duty cycle. The pump spot size is about 6 m. The total size of photonic crystal patterns is 20 m. PL was collected from the top of a sample by a ϫ20 microscope objective. Pump-power-dependent PL spectra are measured to identify the effect of surface recombination. 8 In Fig. 1 , the relative PL of a patterned sample with a lattice constant of 800 nm is plotted as a function of pump power for two temperatures, 295 and 78 K. The air-hole radius of this sample is 0.3 times the lattice constant. Here, we define the relative PL as the integrated PL of a photonic crystal relative to that of an as-grown sample. This ratio is a measure for the amount of surface recombination in the photonic crystals. At room temperature, the relative PL increases with pump power. The effect of surface recombination is most dominant at low carrier density. As pump power increases, radiative and Auger recombinations become more important than the surface recombination. Following the analyses of radiative efficiency and the steady-state rate equation using the experimental data, 8 the surface recombination velocity of about 3ϫ10 4 cm/s is obtained. This value is comparable to the surface recombination velocity of InGaAsP QW materials. 17 However, the situation is quite different at 78 K. First of all, we note the large PL enhancement at low pump power contrary to the case of the room temperature measurement. Moreover, the relative PL decreases with pump power from the beginning. The slightly negative slope is attributed to the thermal effect associated with the pump source. These observations strongly indicate significant reduction of surface recombination at 78 K. The reduced surface recombination results from the low carrier leakage out of the QDs at low temperature. Since the Auger recombination also becomes negligible at low carrier density, high radiative efficiency is expected in the QDs at low pumping level.
Free-standing photonic crystal slab structures with QD layers were then fabricated by removing the underlying Al 0.98 Ga 0.02 As layer with a buffered oxide etchant. The side view of the fabricated and measured free-standing photonic crystal slab is drawn schematically in the inset of Fig. 2͑b͒ . The fabricated structures were optically pumped with 15-ns pulses at repetition rate of 500 kHz. Peak pump power in front of the samples is 0.5 mW. From the result of Fig. 1 , we expect that the surface recombination and thermal effect are greatly reduced at this low pumping level with the reduced pulse width and duty cycle. PL spectra measured at 78 K are shown in Fig. 2͑a͒ for samples with various lattice constants. The PL of an unpatterned as-grown sample is also shown for comparison. The ratio of air-hole radius to the lattice constant is 0.3 for all patterned samples. The relative PL enhancement is plotted as a function of the lattice constant in Fig. 2͑b͒. In Fig. 2͑b͒ , the relative PL enhancement is normalized to the area of the active material. A large enhancement by a factor 30 is observed for the sample with a lattice constant of 800 nm. In a typical as-grown sample, the external efficiency is about 3.0% obtained from the relation, ϳ2ϫ(1/4n
2 )͓1Ϫ(nϪ1/nϩ1) 2 ͔, where n is the refractive index of a material. Numerically, the 30-fold enhancement corresponds to an external efficiency of approximately 90%. Considering that some of the downward light is reflected back to the top and collected, this number appears somewhat overestimated.
The two-dimensional photonic band diagram corresponding to our samples is shown in Fig. 3 for transverse electric ͑TE͒-polarized light. The effective refractive index used in the two-dimensional plane-wave calculation is 2.8, which is chosen such that the upper band edge at the M point coincides with the result of the three-dimensional calculation. The right-hand side vertical axis of the band structure represents the lattice constant when the wavelength of the band structure corresponds to the emission peak of the QDs, 1100 nm. Modes in the gray region above light lines are leaky. These leaky modes act as a doorway to free space out of the slab. In fact, the efficient light extraction from the slab FIG. 2. ͑a͒ PL spectra of free-standing photonic crystal slab structures measured at 78 K when the peak pump power in front of the samples is 0.5 mW. The y-axis scale is normalized by the peak intensity of the bare sample PL. ͑b͒ Relative PL enhancement normalized to the area of the active material is plotted as a function of lattice constants. The schematic side view of the measured photonic crystal slab is shown in the inset .   FIG. 3 . Photonic band diagram for TE modes along two symmetry directions. Right-hand side vertical axis represents the lattice constant when the wavelength of the band structure corresponds to the emission peak of QDs, 1100 nm. Modes in the gray region are leaky and couple out of the slab.
is observed when the lattice constant is over 500 nm, indicating strong coupling to the leaky modes.
It is worth mentioning the relatively small but clear PL enhancement for a lattice constant of around 300 nm indicated by an arrow in Fig. 2͑b͒ . This region corresponds to the photonic band gap of TE guided modes. We believe the enhancement here stems from the direct consequence of the TE photonic band gap.
1, 15 Relatively small enhancement is partly ascribed to the inhibition of spontaneous emission rate inside the photonic band gap which may decrease the radiative efficiency.
2 Material damage caused by the dry etching process can also be responsible for this small enhancement. This dry etching damage will significantly reduce active areas of patterned samples with such small lattice constants.
The relative PL enhancement is measured at temperature between 78 K and 295 K. As shown in Fig. 4 , it is decreasing rapidly above 150 K. As temperature rises, carriers with sufficient thermal energy begin to escape from QDs. Carriers leaked out of QDs are likely to be captured at etched sidewalls and recombine nonradiatively. For the patterned sample with the 800-nm lattice constant, the relative PL enhancement at 78 K is about 20 times larger than that measured at room temperature. This observation reassures the reduced surface recombination in QDs at low temperature. If the carrier leakage from QDs and surface recombination is further reduced by improving QD quality and air-hole surface property, high extraction efficiency would also be achieved even at room temperature. In this case, QD photonic crystal structures can be applied to high-efficiency lightemitting diodes.
In summary, two-dimensional photonic crystal structures employing InGaAs QDs as active material have been fabricated and characterized by optical pumping. More than 30-fold enhancement of normalized PL intensity is achieved from free-standing photonic crystal slabs at 78 K, which results from the coupling to leaky modes of the photonic crystal slab structure. Enhanced light extraction originating from the photonic band gap effect is also demonstrated. It is shown that the surface recombination of QDs is much reduced at low temperature, thereby high-efficiency photonic crystal light emitters can be realized. We expect that QD materials can offer great opportunities to study wavelengthscale cavity quantum electrodynamics in photonic crystal microcavities.
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